1998). This interaction is specific for prevented homosynaptic, de novo long-term depres-
between GluR2 and NSF (Nishimune et al., 1998; Noel et al., 1999 ; see also Song et al., 1998) . We find that pep2m prevents de novo LTD (LTD at nave inputs) at CA1 synapses in the hippocampus. Furthermore, prior saturation of LTD at one input prevents the reduction in excitatory postsynaptic current (EPSC) amplitude caused by pep2m specifically in that input. This mutual occlusion of LTD with the effects of pep2m suggests that the two share common mechanisms. By using failures analysis of dendritically recorded EPSCs, pep2m action and LTD were found to have very similar effects on failure rate (the number of trials eliciting no synaptic response) and potency (mean EPSC amplitude, excluding failures). These data suggest that pep2m action and LTD involve a functional removal of AMPARs at synapses.
Results

Occlusion of LTD by pep2m
Using whole-cell somatic recordings, a peptide that specifically blocks the interaction between NSF and GluR2 (pep2m: KRMKVAKNAQ; Noel et al., 1999; same peptide as "GluR2m" used in Nishimune et al., 1998) was introduced into CA1 pyramidal cells in hippocampal slices. Evoked AMPAR-mediated EPSCs at two independent inputs were monitored, one proximal, the other more distal to the cell body layer. As previously reported (Nishimune et al., 1998) input ϭ 96% Ϯ 6%, test input ϭ 64% Ϯ 4%, p Ͻ 0.05, n ϭ 17; Figure 1B ). this, we performed the reverse occlusion experiment, in which LTD at one of two inputs was saturated before Occlusion of pep2m Action by Saturation of LTD These data suggest that inhibition of the NSF-GluR2 pep2m was introduced into neurons. By using extracellular field potential recordings, LTD was saturated in one interaction functionally eliminates a fraction of AMPARs that can be regulated during LTD. To further explore pathway ("conditioned pathway") by repeated epochs of Thus, pep2m provides a tool with which to exslope ϭ 51% Ϯ 8%, p ϭ 0.2, n ϭ 7; Figure 2B ). A somatic whole-cell recording with an electrode containing pep2m plore the molecular basis of LTD. To further investigate this mechanism, we studied the effects of pep2m using was then obtained from a cell in the region of the slice from which the extracellular recording was made, and whole-cell recordings from the proximal apical dendrites of CA1 pyramidal cells in hippocampal slices (Benke et EPSCs from the same two pathways were monitored ( Figure 2C ). In these experiments, to make sure that al., 1998). EPSCs at one or a few synapses located close to the recording electrode were evoked with minimal the peptide had reached the conditioned pathway, we always induced LTD in the pathway most proximal to stimulation, and a failures analysis was performed (Benke et al., 1998; Isaac et al., 1998). These high-resolution the cell body layer. Thus, if EPSCs from the distal nonconditioned pathway exhibited a decrease in amplitude, recordings allowed changes in failure rate (the fraction of trials eliciting no synaptic response) and potency (EPSC the peptide must have also reached the proximal conditioned pathway. As shown in Figure 2D Figures 5A-5E ). In addition, as previously inferred from somatic recordings (Nishimune et al., 1998), pep2m did not significantly affect AMPA channel kinetics because there was no change in the kinetics of the EPSCs (baseline: rise ϭ 1.6 Ϯ 0.1 ms, decay ϭ 7.6 Ϯ 0.6 ms; maximal depression: rise ϭ 1.6 Ϯ 0.1 ms, decay ϭ 7.6 Ϯ 0.6 ms, n ϭ 9; see scaled traces, Figure 5B ). Therefore, pep2m action is likely to be due to a reduction in the number of functional AMPARs. ms, n ϭ 8; Figure 6C ). Failures analysis ( Figures 6D  and 7) showed that the depression in EPSC amplitude ( Figure 7A ) was due to changes in failure rate (expressed as success rate [one Ϫ failure rate]) in some cells ( Figure  3A and 4A ). An epoch of responses during a baseline 7B) and in potency for all cells ( Figure 7C ). period shortly after gaining dendritic access was compared with an epoch early on in the progression of the block, and to one after the EPSC had reached a stable
Comparison of pep2m Action and LTD Changes in failure rate and potency were compared depressed amplitude (Figures 3A-3C ). The initial depression caused by pep2m was predominantly due to directly for the two experimental groups. For the pep2m group, we included the 9 of 11 cells in which a depresthese changes is presented in Figure 8D . For moderate amounts of depression, there was no significant change sion was observed. Since approximately half of the LTD experiments exhibited less depression than the maximal in success rate (success rate ratio values: moderate pep2m depression ϭ 0.96 Ϯ 0.03, p ϭ 0.14, n ϭ 9; block by pep2m ("moderate LTD"), we also used data from early in the pep2m block ("moderate pep2m demoderate LTD ϭ 0.93 Ϯ 0.03, p ϭ 0.07, n ϭ 7), but there was a significant decrease in potency (potency ratio pression") that fell in the same amplitude range as these LTD experiments. In addition, we compared These analyses indicate that moderate depressions were due to a decrease in quantal amplitude (the refor the success rate ratio, and the diagonal line for the potency ratio, showing that the depression was associsponse to release of a single quantum of transmitter). This change was not due to an alteration in AMPAR ated with little or no increase in failure rate and so was primarily due to the decrease in potency. For larger channel properties (␥ or kinetics), suggesting that it was caused by a decrease in the number of functional recepamounts of depression (amplitude ratio Ͻ0.5), however, there was both an increase in failure rate and a decrease tors (it is unlikely that the moderate depressions were due to a reduction in the number of multiquantal events in potency. For some experiments, these data fell close to the line representing the change in quantal content because that would have also been associated with a significant increase in failure rate). Larger depressions alone for the Poisson distribution. Quantification of were associated with both a further decrease in potency there was an initial decrease in potency followed by an additional increase in failure rate. These effects can be and a large change in failure rate, indicating that there was also a decrease in quantal content. attributed to decreases in quantal amplitude and content, respectively. The reduction in quantal amplitude was not due to a decrease in AMPAR channel conducDiscussion tance and was unlikely to be due to alterations in channel kinetics. A presynaptic explanation for a change in In this study, we have used a peptide, pep2m-which, when applied postsynaptically, causes a depression of quantal content is very unlikely, given the postsynaptic site of action of pep2m. Therefore, these results are AMPAR-mediated synaptic transmission (Nishimune et al., 1998; Song et al., 1998; Noel et al., 1999)-to investimost consistent with pep2m causing the progressive functional removal of synaptic AMPARs, resulting in the gate hippocampal LTD. We find that the action of pep2m and LTD mutually occlude one another, suggesting that eventual elimination of all receptors at some synapses. The mutual occlusion of pep2m action with LTD indithey utilize a common molecular target for their expression. Given that pep2m specifically disrupts the interaccates that both utilize the same expression mechanism. Therefore, these data provide strong evidence that LTD tion between NSF and the GluR2 subunit of AMPARs, these data strongly suggest that the AMPARs themalso utilizes this mechanism for its expression. Evidence for pep2m causing the physical removal of receptors selves are the common target. Thus, pep2m can be used as a novel tool to investigate the molecular basis for the rather than an effect on P open is provided by recent immunocytochemical experiments on cultured hippocampal postsynaptic expression of LTD.
Analysis of the time course of the pep2m block of neurons (Noel et al., 1999) . Indeed, evidence that LTD is also associated with the physical removal of receptors AMPAR-mediated synaptic transmission showed that has been provided recently in a study on cultured neuat a small subpopulation of synapses with hypertonic solution; thus, the responsiveness of the same synapses rons (Carroll et al., 1999) .
Two recent studies have investigated the effects of was likely to have been sampled repeatedly over a shorter time period. Therefore, the reduction in mEPSC pep2m (or a homolog) on miniature EPSCs (mEPSCs) in cultured hippocampal neurons. One reported a reducamplitude may reflect the partial loss of AMPARs at synapses during the course of peptide action. Furthertion in mEPSC amplitude but provided no information on mEPSC frequency (Song et al., 1998) , and the other more, since changes in frequency were not determined in the study, the complete removal of receptors from reported a marked reduction in mEPSC frequency, with no change in amplitude (Noel et al., 1999) . The present synapses would not have been detected. The finding that pep2m did not eliminate all AMPARresults provide an explanation for these seemingly disparate results. In the study of Noel et al. (1999) , mEPSCs mediated synaptic transmission is consistent with previous work (Nishimune et al., 1998; Song et al., 1998; Noel occurred spontaneously in neurons with many synapses at a low-average frequency, such that at any given synet al., 1999). In these earlier studies, it was not possible to determine whether the residual EPSC was due to apse the interval between mEPSCs was, on average, in the order of many minutes. Thus, from the time pep2m incomplete access of the peptide to the activated synapses or to a process independent of the NSF-GluR2 reached a synapse until the time a mEPSC occurred at that synapse, pep2m would have already caused the interaction. With dendritic recordings, it is highly likely that pep2m reaches the locally activated synapses and complete removal of receptors from the synapse. In the study of Song et al. (1998), mEPSCs were evoked locally that the residual EPSC was therefore due to AMPAR regulation that was independent of the NSF-GluR2 interwhy a small amount of LTD could be induced in these knockout mice (Jia et al., 1996) . action over the time course of the experiments. The resistant component of transmission could be due to For field potential recordings, a patch electrode filled with extradecrement) and plotted versus the mean current amplitude of the cellular solution was placed in the stratum radiatum, and fEPSPs EPSC decay, producing a current-variance relationship (e.g., see were evoked by electrical stimulation of two independent pathways, Figure 5C ). The single-channel current was then estimated by fitting one proximal, the other more distal to the cell body layer. Similar the data to: 2 ϭ iI Ϫ I 2 /N ϩ b l , where 2 is the variance, I the mean levels of LTD were induced in both inputs in response to single current, N the number of channels activated at the peak, i the singleepochs of 900 stimuli at 1 Hz (LFS; fEPSP slope as a percentage channel current, and b l the background variance (Sigworth, 1980 ). of baseline: proximal ϭ 75% Ϯ 8%, distal ϭ 69% Ϯ 6%, p ϭ 0.30, The single-channel conductance (␥) is then ␥ ϭ i/V, where V is the n ϭ 5). Saturating LTD was induced by multiple epochs of LFS of driving force (holding potential Ϫ assumed reversal potential of 0 the test pathway. LTD was assumed to be saturated when no further mV). The most accurate estimate of ␥ was obtained by fitting differdepression of the fEPSP slope was induced by a further LFS. Field ent portions of the raw data. The goodness of fit was assessed with potential recordings were made in the absence of picrotoxin, which a least-squares algorithm (SigmaPlot 3.0; see Benke et al., 1998). was then added to the extracellular solution and washed in for at Data are expressed as the percentage of baseline (i.e., 100% ϭ least 15 min before the subsequent whole-cell recordings were no change). All values are expressed as mean Ϯ SEM. Statistical made. For these recordings, the same or a lower stimulus intensity significance was assessed with a two-tailed paired or unpaired Stuwas used to evoke EPSCs of approximately the same amplitude for dent's t test, as appropriate (p Ͻ 0.05 is considered significant). both pathways.
For dendritic recordings, dendrites were visualized with infrared
